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Philippe P. Monnier,*,1 Sven G. M. Beck,* Ju¨rgen Bolz,† and
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We have characterized the antigen recognized by mab10, a monoclonal antibody that has been shown to modify outgrowth
of thalamic and cortical axons in vitro, and investigated the influence of this antibody on axonal growth in the chicken
etina in vivo. Immunopurification, peptide sequencing, and biochemical characterization proved the epitope recognized by
ab10 to be polysialic acid (PSA), associated with the neural cell adhesion molecule (NCAM). Intravitreal injections of
ntibody-secreting hybridoma cells were combined with whole-mount studies using the fluorescent tracer 1,1*-dioctadecyl-
,3,3*,3*-tetramethylindocarbocyanine perchlorate (DiI). Pathfinding at the optic fissure was affected, resulting in a failure
f axons to exit into the nerve. Misprojections also occurred in more peripheral areas of the retina; however, axons
ventually oriented toward the center. Similar projection errors were observed after enzymatic removal of PSA by injecting
ndoneuraminidase N (endo N). Quantitative measurements of the optic nerve diameter as well as the width of the optic
ber layer confirmed that many axons failed to leave the retina and grew back in the optic fiber layer of the retina. Our
ndings suggest that NCAM-linked PSA is involved in guiding ganglion cell axons in the retina and at the optic
ssure. © 2001 Academic Press
Key Words: mab10; endo N; chicken visual system; intravitreal injections; intraretinal projections; guidance at the optic
fissure; optic nerve hypoplasia.1
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The chicken retina has long been an experimental model
system in which to study axonal growth and guidance. Of
the various cells present in this tissue, the retinal ganglion
cells (RGCs) are the only cell type that extend axons out of
the retina into the brain, forming the optic nerve and tract.
The first RGCs, located in the central retina 150–200 mm
orsal to the entrance of the optic stalk, send out their
xons toward the optic disc at Embryonic Day 2.5 (E2.5),
ight after their final mitosis (Goldberg and Coulombre,
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All rights of reproduction in any form reserved.972; Kahn, 1973). At this early time of development, their
rowth cones mainly interact with the endfeet of immature
adial cells and with molecules in the extracellular matrix,
s there are no neuronal surfaces or other axons present in
he optic pathway to follow. For most parts of the primary
isual system, these elongated cells, whose processes span
he entire width of the neuroepithelium, seem to provide
he substratum for RGC axons. They might also direct
rowth cones by supplying guidance cues (Harris, 1989;
einer et al., 1997).
Several molecules have been implicated in retinal axon
xtension, but so far only a few have been tested in the in
ivo situation. It remains largely unknown which mol-
cule(s) are used as a substratum by the first axons extend-
ng toward the optic fissure. Integrin function has been
escribed to be involved in process outgrowth in vivo in the
enopus embryo (Lilienbaum et al., 1995), suggesting that
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2 Monnier et al.components of the extracellular matrix are crucial for early
axonal outgrowth, since many members of the extended
integrin family are important extracellular matrix receptors
(Hynes, 1987). For later following axons, cell adhesion
molecules (CAMs) expressed on the surface of previously
formed axons might serve this function. One notable ex-
ample is the axon-specific molecule L1 (Rathjen and
Schachner, 1984; Bru¨mmendorf and Rathjen, 1996), a mem-
ber of the neural-specific family of immunoglobulin super-
family (IgSF) CAMs. Addition of function blocking antibod-
ies to mouse retinal eye cups maintained in vitro caused
defasciculation of fiber bundles and resulted in wandering
of axons throughout the retina (Brittis et al., 1995). A
similar effect on fasciculation was seen when antibodies
against the fish homolog of L1, the E587 antigen, were
injected into the eyes of rapidly growing goldfish (Bast-
meyer et al., 1995), and pathfinding errors of RGC axons
were observed after application of Fab fragments directed
against the fish CAM neurolin (Ott et al., 1998).
We have recently initiated studies to identify and char-
acterize cell surface and extracellular matrix proteins in-
volved in growth and guidance of chicken RGC axons in
vivo. In the present study we used the monoclonal antibody
mab10 which had previously been shown to influence
growth of cortical and thalamic axons in the rat embryo and
which recognized the carbohydrate epitope of a 180- to
370-kDa protein in Western blots (Henke-Fahle et al.,
1996). Immunofluorescence labelings proved the mab10
epitope to be expressed by chicken RGC axons as well.
Immunoaffinity purification of the molecule and biochemi-
cal characterization revealed that the antibody specifically
binds to the polysialic acid (PSA) side chains of the neural
cell adhesion molecule (NCAM), a molecular structure
with documented influence on axonal fasciculation and
outgrowth in vitro and in vivo (Doherty et al., 1990; Tang et
al., 1992; Yin et al., 1995; Zhang et al., 1992). Intravitreal
injections of antibody-secreting hybridoma cells resulted in
pathfinding errors of RGC axons in the retina and at the
optic fissure, and as a consequence lead to a reduction of the
optic nerve diameter (optic nerve hypoplasia). Similar pro-
jection errors were observed when NCAM-linked PSA was
removed by injecting the PSA-specific endosialidase N
(endo N). Our results suggest that NCAM-linked PSA is
involved in early steps in RGC axon pathfinding.
MATERIALS AND METHODS
Hybridoma Cells and Antibodies
We used the hybridoma cell lines mab111 (IgG), mab10 (IgM)
(Bolz et al., 1996; Henke-Fahle et al., 1996), and Te38 (IgM) (Meyer
nd Henke-Fahle, 1995) and the myeloma cell line NS-1. Cells were
ultivated in RPMI 1640 medium (Life Technologies, Germany)
upplemented with 4 mM L-glutamine, 100 U/ml penicillin, 10
mg/ml streptomycin, and 10% fetal calf serum (v/v; Life Technolo-
gies). Prior to injection, cells were pooled, concentrated by centrif-
Copyright © 2001 by Academic Press. All rightugation, and resuspended in PBS containing 2 mg/ml purified
monoclonal antibody, resulting in a final antibody concentration of
1 mg/ml.
The mab10 monoclonal antibody was immunopurified on an
anti-mouse IgM column (Sigma, Germany), dialyzed against two
changes of PBS, and concentrated to 2 mg/ml using a macrosep
centrifugal concentrator (Pall Filtron, U.S.A.).
Mab111 IgGs were isolated from hybridoma supernatants
using a protein A column (Pharmacia, Germany) and coupled to
activated Sepharose 4B (Pharmacia) according to the manufac-
turers instructions.
The monoclonal antibody G97-449 (PharMingen, U.S.A.), di-
rected against the human DCC (deleted in colorectal cancer)
protein, was used as control antibody for Western blots (2 mg/ml)
(Shibata et al., 1996).
Purification of mab111 Antigen
The mab111 antigen was isolated from brain-derived urea ex-
tracts by immunoaffinity purification. Brains from P7-P9 postnatal
rats were homogenized in 10 mM Tris-HCl and 2 mM MgCl2, pH
7, containing protease inhibitors (50 mg/ml phenylmethylsulfonyl
fluoride, 2 mg/ml aprotinin, 0.5 mg/ml leupeptin, and 1 mM pepsta-
in A) and 10 mg/ml DNase I. The homogenate was sedimented for
30 min in a Sorvall centrifuge at 10,000g. The resulting pellet was
homogenized in 10 mM Tris-HCl and 2 mM NaCl, pH 7, contain-
ing protease inhibitors as above, and centrifuged under the same
conditions. Extraction of the mab111 antigen was carried out by
homogenizing the resulting pellet in 6 M urea, 20 mM Tris-HCl,
pH 7, containing protease inhibitors. Nonsolubilized material was
sedimented by centrifugation at 100,000g for 1 h. Supernatants
were dialyzed against two changes of 50 mM Tris-HCl, 150 mM
NaCl, 2 mM EDTA, pH 7.4 (TBS-EDTA), and precipitated material
was removed by centrifugation (10,000g, 30 min). Triton X-100 was
added to the soluble fraction to a final concentration of 0.5%; the
resulting solution was cleared by filtration and applied to the
affinity column (6 ml/h). Columns were washed with 20 vol of
TBS-EDTA containing 0.5% Triton X-100, and subsequently with
20 vol of TBS-EDTA. Bound antigen was eluted with 3 vol of 100
mM diethylamine, pH 11.5. The eluate was neutralized, lyophi-
lized, resuspended in 100 ml water, precipitated on ice with
richloroacetic acid to a final concentration of 6%, washed with
old acetone, and air dried.
Analytical Procedures
For SDS-PAGE, samples were resuspended in SDS-containing
sample buffer (Laemmli, 1970) and separated on 10% polyacryl-
amide gels. To release sialic acids from proteins, samples were
boiled for 50 min in sample buffer before application to the gel
(Hoffman et al., 1982; Pollerberg and Beck-Sickinger, 1993). Gels
were either stained with Coomassie brilliant blue R250 or proteins
were electrophoretically transferred to PVDF filters (Immobilon;
Millipore, U.S.A.). The filters were blocked with 5% nonfat dry
milk in PBS (1 h, RT) and incubated at 4°C overnight with
hybridoma supernatants diluted 1:1 with washing buffer (PBS
containing 0.1% Tween 20). The blots were rinsed three times with
washing buffer, incubated with peroxidase-conjugated goat-anti-
mouse IgG1IgM (Dianova, Germany) for 1 h at RT, and finally
developed with 4-chloro-1-naphthol, 0.1% H2O2.Alternatively, to enhance staining, filters were incubated with
s of reproduction in any form reserved.
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3Pathfinding of Retinal Ganglion Cell Axonsbiotin-conjugated rabbit-anti-mouse IgG1IgM (diluted 1:4000 in
washing buffer; Dianova) for 1 h at RT, rinsed three times with
washing buffer, incubated with phosphatase-conjugated avidine
(diluted 1:50 in 50 mM Tris-HCl, 150 mM NaCl, pH 7.6) (TBS) for
30 min, and finally washed with TBS.
Development was performed with 66 ml NBT solution (50 mg/ml
-nitroblue tetrazolium chloride in 70% dimethylformamide;
oche Molecular Biochemicals, Germany), 33 ml BCIP solution (50
mg/ml 5-bromo-4-chloro-3-indolyl phosphate in 100% dimethyl-
formamide; Roche Molecular Biochemicals) in 10 ml 100 mM
Tris-HCl, 150 mM NaCl, 5 mM MgCl2, pH 9.6. The reaction was
terminated by rinsing the filter with 20 mM EDTA, 100 mM
Tris-HCl, 150 mM NaCl, pH 7.6.
Protein (500 ng of mab111 antigen), already immobilized to
PVDF membranes, was digested with 100 mU/ml of neuraminidase
(Sigma) overnight at 37°C in 50 mM sodium acetate, pH 5.1, in the
presence of protease inhibitors and 0.1% Tween 20. Incubation
with 100 mU/ml of glycosidase PNGase F (Biolabs, U.S.A.) was
carried out in 50 mM sodium phosphate, pH 7.2, containing
protease inhibitors and 0.1% Tween 20. Enzyme-digested blots as
well as control blots that had been incubated with buffer were
washed three times with PBS. Blocking and immunodetection were
subsequently performed as described above.
To obtain internal amino acid sequences of the mab111 antigen,
a total of 24 mg of this protein was purified. The protein was
eparated by SDS-PAGE and visualized with Coomassie blue.
ndividual bands were excised, and the material was digested with
rypsin and sequenced by WITA GmbH (Berlin, Germany).
Intravitreal Injections
Fertilized White Leghorn chicken eggs were obtained from a
local farm (A. Weiss, Germany) and incubated at 38°C in an
incubator (Ehret, Germany). On E3, eggs were washed with 70%
ethanol and punctured with a needle, and 5 ml of the egg white was
removed. A 2 3 2-cm window was cut into the shell over the
embryo, and 1 ml of vitreous fluid was removed by suction with a
glass capillary. Approximately 500,000 hybridoma cells in a vol-
ume of 0.5–1 ml were pressure-injected into the vitreous body using
the same capillary and the same hole in the sclera for injection.
Alternatively, the same volume endoneuraminidase N was intrav-
itreally applied (kind gift of Dr. G. Rougon, CNRS, Marseille-
Luminy). This enzyme is specific for a-2,8-linked sialic acid
polymers with a minimum chain length of 5 (Vimr et al., 1984) and,
therefore, does not degrade any other known sialic-acid containing
structures. When injected in vivo in vertebrate embryos, endo N
has been shown to completely remove PSA over wide expanses of
developing tissue (Landmesser et al., 1990; Tang et al., 1992, 1994).
ontrol experiments were performed with an IgM-producing cell
ine (mabTe38; directed against a chondroitin sulfate proteoglycan)
nd with the parental cell line NS-1. Due to the orientation of the
mbryo in the egg, the right eye was usually accessible, with the
eft eye serving as control. The window was closed with adhesive
ape, and the eggs were further incubated for 3–5 days at 37°C.
Retinal Whole Mounts
At E6, 7, or 8, respectively, retinae were dissected, spread onto
black nitrocellulose filters (Sartorius, Germany), and fixed with 4%
paraformaldehyde in PBS. The lipophilic fluorescent dye DiI (1,19-
dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate;
Copyright © 2001 by Academic Press. All rightMolecular Probes, U.S.A.) was used to label retinal ganglion cell
axons. In order to visualize the growth behavior of axons, small DiI
crystals were applied onto the vitreal surface of the whole mounts.
Usually, 1–3 crystals were placed dorsally to the optic fissure and
2–3 were placed at the same distance alongside the fissure in the
ventral retina. This arrangement served to stain dorsal as well as
ventral axons. Crystals were applied either on the temporal or on
the nasal side to enable inspection of axonal trajectories in the
fissure. Control and experimental retinae were always treated the
same way. Retinae were stored in the dark at 37°C for several days
until the dye reached the axonal growth cones in the fissure, and
were subsequently mounted in glycerol:PBS (9:1; v/v). Specimen
were analyzed using either epifluorescence (Olympus BX50) or
confocal scanning microscopy (Leica LSC).
Immunohistochemistry
For immunohistochemistry, E4 and E7 chicken heads were fixed
overnight in 4% paraformaldehyde. They were immersed in 30%
sucrose for cryoprotection and then directly frozen in Tissue Tek
(Sakura Finetek, U.S.A.) on the freezing stage of a cryostat
(Reichert-Jung, Germany). Sections (12 mm) were cut, collected on
gelatin-coated slides, and stored frozen until use. Sections were
incubated with the primary antibody at RT for 2 h, stained
with Cy3-conjugated anti-mouse IgG1IgM secondary antibodies
(Dianova) for 30 min, and mounted in glycerol:PBS (9:1, v/v).
Quantification of Optic Nerve Diameter
All animals displaying size differences or malformations of the
eyes were discarded. E5–E8 chicken heads were fixed as described
above, and 12-mm serial cryostat sections were cut in horizontal
rientation and mounted on slides. Right (injected) and left sides
ere evaluated separately. All sections showing nerve structures
ere counted and the number obtained was multiplied by the
hickness of the sections, resulting in the dorso-ventral nerve
iameter.
Quantification of the Optic Fiber Layer
For a quantitative analysis of retinal fiber layers, fixed frozen
sections were stained with hematoxylin-eosin. The width of the
optic fiber layer was measured on the temporal side (the nasal side
is less developed) of both retinae at a distance of 400 mm from the
enter of the optic fissure using a calibrated ocular.
Statistical Analysis
The results for the left (control) and the right eye were compared
in every embryo, and the statistical significance was determined
employing the paired t test.
Quantification of Staining Intensities
In order to relate the amount of bound antibody after injection to
the degree of optic nerve reduction, E8 cryostat sections were
labeled with Cy3-conjugated secondary antibodies. The fluores-
cence signal in a selected area of the optic fiber layer close to the
fissure was obtained using an Olympus microscope fitted with
fluorescence optics and digitally transmitted to a Macintosh com-
s of reproduction in any form reserved.
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4 Monnier et al.puter via a Sony 3CCD color video camera. Data were analyzed
using the NIH image program (NIH public domain). The pixel
density in a nonstained area (extraocular tissue) was set to 0; the
maximum density obtained in the selected area of the optic fiber
layer of the sections under study was considered to be 100 (relative
density). The relative density and the optic nerve diameter (in
percentage of control value) were plotted for every specimen, a
regression line was calculated, and the partial correlation coeffi-
cient (r) was determined.
The same sections were also used to control for a distribution of
he injected and/or produced antibody. A selective staining of the
ight (injected) optic fiber layer and the corresponding optic nerve
as observed; no labeling of the contralateral optic nerve was
isible.
RESULTS
Immunopurification of the Antigens
Based on the protein pattern of Western blots performed
with extracts of rat postnatal cortex, it had been postulated
that mab10 and mab111 might bind to the same antigen
(Henke-Fahle et al., 1996). In order to prove this assump-
ion, we first purified the antigen recognized by mab111
IgG), using urea extracts from P7–P9 rat brains. After
FIG. 1. Immunopurification of mab111 antigen and Western blo
immunopurified from P7–P9 rat brain urea extracts, and electrophor
1), four components with approx MWs of 200–370, 180, 140, and 1
min, only three bands with approx MWs of 180, 140, and 120 k
recognized by mab10. Using rat brain-derived urea extract as sam
(lane 3). The protein immunopurified from rat brain extract using a
component exclusively (lane 4). Immunoreactivity of mab10 on the
50 min (lane 5). (C) Immunoblot performed with E10 chicken b
treatment (lane 6), the high molecular weight component is stained
with urea extract from P7–P9 rat brain. Unspecific staining w
immunodetection (lane 8) (see Materials and Methods). Incubation
proteins are extracted by the procedure employed and remain intact
component as mab10 and, in addition, the other minor bands also
apparent MWs are indicated in kilodaltons on the left. The arrowhialysis, these extracts were passed over a mab111 1
Copyright © 2001 by Academic Press. All rightntibody-coupled column as described under Materials and
ethods and the antigen was isolated by immunoaffinity.
he eluate analyzed by SDS-PAGE consisted of a major
omponent at 200–370 kDa and three minor components at
80, 140, and 120 kDa (Fig. 1A, lane 1), respectively.
Cross-reactivity studies were carried out using the mate-
ial purified on the mab111 column as antigen and mab10
ell culture supernatants or purified antibody, respectively,
or immunodetection. In Western blots, mab10 only bound
o the high molecular weight component of the isolated
ntigen; the minor bands were not recognized (Fig. 1B, lane
). When urea extracts from P7–P9 rat brains were separated
y SDS-Page and blots were probed with mab10 or mab111,
espectively, both antibodies recognized the same high
olecular weight band (Fig. 1B, lane 3, and Fig. 1D, lane 10).
n addition, incubation with mab111 also led to staining of
he component at 180 kDa and, to a lesser degree, the minor
omponents.
The same urea extracts were also used to prove that other
roteins present in the retina were left intact by the
xtraction procedure. Blots were incubated with a mono-
lonal antibody directed against DCC, a transmembrane
rotein expressed by retinal ganglion cells (Deiner et al.,
lysis of mab10. (A) Coomassie stain analysis of mab111 protein,
lly separated on a 10% SDS-PAGE gel. Prior to heat treatment (lane
a, respectively, are resolved. After boiling in sample buffer for 50
ecome apparent (lane 2). (B) Immunoblot analysis of the protein
incubation with mab10 antibody reveals a 200- to 370-kDa band
111-column is recognized by mab10, staining the 200- to 370-kDa
111 antigen is completely abolished by boiling in sample buffer for
urea extracts, using mab10 for immunodetection. Prior to heat
isappears after heat treatment (lane 7). (D) Immunoblot performed
he secondary antibody and the avidine-biotin-system used for
control antibody anti-DCC reveals that other integral membrane
e 9). In these extracts, mab111 recognizes the same high molecular
ated from the mab111-immunoaffinity column (lane 10). Selected
points to the interface between the stacking and running gel.t ana
etica
20 kD
Da b
ple,
mab
mab
rain
. It d
ith t
with
(lan
isol997). As shown in Fig. 1D, lane 9, the antibody binds to a
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5Pathfinding of Retinal Ganglion Cell Axonsband in the range of 175–190 kDa as previously reported
(Reale et al., 1994).
To identify the 200- to 370-kDa component, 24 mg
rotein was purified and separated on SDS-PAGE, and
ndividual bands were excised. They were digested with
rypsin and internal amino acid sequences were obtained by
dman degradation. The resulting sequences of five pep-
ides (Table 1) were identical to previously published pep-
ide sequences of the rat neural cell adhesion molecule
NCAM) (Small et al., 1987). Also in agreement with our
ata, NCAM has been described to consist of a major
omponent at 200–370 kDa and several other bands at 180,
40, and 120 kDa (Hoffman et al., 1982; Schlosshauer et al.,
984; He et al., 1986).
mab10 Recognizes a Polysialic Acid Epitope
The high molecular weight component of NCAM is
highly modified with a2,8-polysialic acid (Finne et al.,
1983; Acheson et al., 1991; Kiss and Rougon, 1997). Since
ab10 selectively stained this component, we considered
he possibility that the antibody might be directed against
he PSA moiety of the NCAM molecule. In order to prove
his assumption, PSA was removed from the protein back-
one by boiling the affinity-purified material in sample
uffer for 50 min (Fig. 1A, lane 2) (Hoffman et al., 1982;
ollerberg and Beck-Sickinger, 1993). Western blots per-
ormed with these samples showed that under the condi-
ions employed the signal was completely abolished (Fig.
B, lane 5), indicating that the epitope recognized by mab10
s either located on the PSA part of the protein or related to
tertiary structure. In order to demonstrate that mab10 is
irected against the same epitopes in rat and chicken,
espectively, we also performed Western blots with urea
xtracts obtained from E10 chicken brain (Fig. 1C, lane 6).
nly the high molecular weight component is stained in
hese samples, disappearing upon heat treatment (Fig. 1C,
ane 7).
To further confirm that mab10 is directed against PSA,
e incubated NCAM after SDS-PAGE and subsequent
ransfer to filters with the glycosidase PNGase F or with
TABLE 1
Peptide Sequences of mab111 Antigen
AAHFVFR
GLDPEPTQPG
VAPLVDLSDTPTSAP
LLDGHV
TVFK
VEPG
Note. Individual peptide sequences obtained by Edman degrada-
tion are identical to rat NCAM sequences.euraminidase, respectively. In both cases, no signal was
Copyright © 2001 by Academic Press. All rightbtained when Western blots were performed using mab10,
ndicating that digestion of PSA (neuraminidase, Fig. 2, lane
) or removal from the protein backbone (PNGase F, Fig. 2,
ane 4) abolishes the epitope. These results prove that PSA
inked to NCAM indeed represents the epitope recognized
y mab10.
Immunohistological Localization of the mab10
Epitope
In immunofluorescence labelings of retina sections,
mab10 selectively stained the axons of ganglion cells. By
E4 (Fig. 3A), axons originating from the central area have
started to leave the retina and grow into the optic stalk.
These axons express NCAM-linked PSA. No staining of
cells within either the optic fissure or the optic nerve
could be observed. A predominant labeling of the optic
fiber layer and of axons in the optic nerve was also visible
on E7 (Fig. 3B). This labeling was not restricted to the
central retinal area; fibers in more peripheral areas of the
retina were stained as well. Differences between the
nasal and the temporal side were not noticed. Other
axonal projections outside the retina (i.e., from the ciliary
body or the oculomotor nerve) were also labeled (not
shown). In contrast to mab10, mab111 did not cross-react
with chicken tissue.
FIG. 2. Localization of the mab10 epitope by Western blot
analysis. Immunopurified NCAM (500 ng), already immobilized
to a PVDF membrane, was incubated in neuraminidase digestion
buffer (lane 1), digested with neuraminidase (lane 2), incubated
in glycosidase F digestion buffer (lane 3), or digested with
glycosidase F (lane 4). Both enzymatic digestions abolish the
immunoreactivity of mab10. Apparent MWs in kilodaltons are
indicated on the left. IgG eluted from the column is indicated by
an arrowhead. The arrow points to the interface of the stacking
and the running gel.
s of reproduction in any form reserved.
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6 Monnier et al.Development of the Optic Nerve in the Presence of
mab10 or after Enzymatic Removal of PSA
The predominant expression of the mab10 epitope on
ganglion cell axons at early stages of retinal development
might suggest that NCAM-PSA is involved in intraretinal
axonal growth or in pathfinding processes at the optic
fissure. To test this assumption, we injected antibody-
secreting hybridoma cells in combination with purified
antibody into the vitreous body of E3 chicken embryos. To
control for damage caused by the injection itself, some
embryos were injected with NS-1 hybridoma cells. As
additional control, an IgM-secreting cell line (mabTe38)
was applied as well.
The quantitative analysis of mab10-injected animals
FIG. 3. Localization of the mab10 epitope in the eye and optic
nerve. Immunofluorescence analysis of horizontal cryostat sec-
tions, cut at the level of the optic nerve head, the exit point of
retinal fibers into the optic nerve on E4 (A) and E7 (B). Immunore-
activity is restricted to axons in the optic nerve head (onh, large
arrowhead) on E4 and to the optic nerve (on) as well as the optic
fiber layer (ofl) on E7. r, retina. Bar, 50 mm.showed a significant reduction in optic nerve size (Fig. 4) i
Copyright © 2001 by Academic Press. All right79% of control side; n 5 18; P , 0.000001). The mean
diameters of the E8 nerves were 527 6 17.4 mm (SEM) on
the injected side and 666 6 17.2 mm (SEM) on the nonin-
jected side. When embryos were sacrificed on E7, the mean
diameters were 336 mm (injected side; n 5 2) and 516 mm
noninjected side). No significant side differences were
ound after injection of the NS-1 myeloma cell line (E8; 678
mm injected side; 660 mm noninjected side; n 5 3) or in
abTe38-injected animals (Fig. 4) (E8; 616 mm injected side;
614 mm noninjected side; n 5 10).
To verify that the observed effect was actually caused by
a specific influence on PSA, we also treated E3 animals with
endo N, thus removing PSA. Since we observed some
variability in optic nerve sizes when embryos from different
experimental series were compared, embryos were injected
in parallel with mab10 or endo N, respectively, for quanti-
tative analysis. In endo N-treated animals, size differences
between left and right optic nerves were smaller (Fig. 4)
(91% of control value; P , 0.001; n 5 7) than after mab10
njection. However, in these animals, the optic nerves on
he nontreated size appeared much smaller than the non-
reated nerves after mab10 application, indicating that
njection of the enzyme affected both eyes. In this particular
xperiment, mean diameters were 640 6 8 mm (SEM) on the
nontreated side and 552 6 42.1 mm (SEM) on the mab10-
injected side (n 5 3). Our results also showed that removal
of PSA by endo N caused, on average, a stronger effect than
binding of mab10-IgM to PSA.
The degree of optic nerve hypoplasia after mab10
application varied from a very mild reduction of approxi-
mately 10 to 40% in more severe cases. This variability
might be caused by variations in the amount of antibody
present in the eyes, since only 0.5 ml could be applied on
E3 and part of this volume might have leaked from the
vitreous. Therefore, we tried to correlate the antibody
FIG. 4. Mab10- and endo N-induced optic nerve hypoplasia.
Embryos were intravitreally injected with either mab10 and hy-
bridoma cells or with endo N on E3, and the optic nerve size was
quantified on E8. Injection of mabTe38 (IgM) served as control. In
experimental animals, a significant reduction in optic nerve diam-
eter on the injected side is visible (paired t test, **P , 0.00001,
P , 0.0001). Differences between the noninjected nerves are also
tatistically significant (P , 0.0005). No side difference are found
n control (ctrl.) animals.
s of reproduction in any form reserved.
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7Pathfinding of Retinal Ganglion Cell Axonsconcentration in the E8 eyes with the degree of nerve
hypoplasia. The intensity of the fluorescence signal in
the OFL after incubating sections directly with a second-
ary antibody was taken as an indicator for the antibody
concentration, and related to the optic nerve diameter of
the respective embryo from which the section had been
obtained. These measurements were performed in 16 of
the 18 experimental embryos included in Fig. 4. Figure 5
demonstrates that the fluorescence intensity (indicated
as pixel density) is substantially correlated with the optic
nerve diameter (relative correlation factor, r 5 20.79)
and thus with the degree of reduction, supporting the
view that differing amounts of antibody in the tissue
caused the variability of the results. These sections also
served to prove that mab10 remained exclusively local-
ized to the injected side (not shown).
Intraretinal Axonal Projections
The failure of the optic nerve to develop properly after
injection of mab10 or endo N on E3 might be due either to
a retardation of axonal growth or to pathfinding errors in
the retina and in the optic fissure. In order to investigate
whether any of these assumptions were true, the projec-
tions of ganglion cell axons were analyzed in retinal whole
mounts. Injections were performed as described, and whole
mounts were prepared 3–5 days after further incubation. DiI
crystals were usually placed at a distance of approximately
FIG. 5. Correlation of fluorescence intensity with optic nerve hyp-
oplasia. Cryostat sections from mab10-injected retinae were stained
with Cy3-labeled secondary antibodies and the fluorescence intensity
over a selected area of the optic fiber layer was correlated with the
optic nerve diameter. A substantial inverse correlation indicates that
the antibody concentration in the tissue determines the optic nerve
diameter and thus the degree of reduction.1 mm from the fissure, predominantly allowing an antero-
Copyright © 2001 by Academic Press. All rightrade staining of those axons and growth cones which had
ot yet left the eye and were still growing either in the optic
ber layer of the retina or in the optic fissure. In addition,
he respective cell bodies were labeled by retrograde trans-
ort. Due to the location of the crystal, the earlier generated
anglion cells in the center of the retina and their axons
ere usually not stained. Examples for axonal trajectories
f fibers in the ventral half of the retina close to and in the
ssure are shown in Figs. 6A–E; Fig. 6F schematically
llustrates the position of the dye crystals and the area from
hich photographs were taken. In control retinae, axons
rew relatively straight toward the optic fissure. Upon
ncountering the fissure, they changed direction and turned
orsally toward the optic nerve head (Fig. 6A). In mab10-
njected retinae, this growth pattern appeared completely
ltered (Figs. 6B–D). Axons extending along the fissure were
ess often observed; instead, various types of aberrant
rowth behavior became apparent. Occasionally, growth
ones turned ventrally upon encountering the fissure (Fig.
B). In this specimen where the DiI crystal had been placed
loser to the fissure (approx. 250 mm), we also detected
centrally located ganglion cells projecting toward the pe-
riphery of the retina. Most often, we found axons growing
back on the ipsilateral side of the retina (Figs. 6C and D). In
general, these axons made a turn in a dorsal direction before
coursing backward (Fig. 6C); however, some axons errone-
ously left the stained bundle before reaching the fissure and
grew ventrally. The growth cones of misprojecting axons
were found to occupy a more superficial (vitreal) position
than the proximal part of the respective axon (Fig. 6D). In
this specific example, the distal part of the axons and their
growth cones grew in the opposite direction to the proximal
segment of the axons. Axons crossing the fissure and
continuing to the contralateral retinal side were generally
not seen. Similar results were obtained after endo N injec-
tions (Fig. 6E). The whole mount displayed in Fig. 6E was
analyzed using confocal scanning microscopy. All types of
aberrant behavior described before were observed, i.e., ax-
ons leaving the stained bundle before reaching the fissure,
growth cones turning ventrally or growing backward. These
observations demonstrate that injections of either mab10 or
endo N lead to the same pathfinding errors of retinal
ganglion cell axons.
To visualize the earlier generated axons, crystals were
placed close to the fissure and the optic nerve head in some
retinal whole mounts, leading to a retrograde staining of
early as well as later generated ganglion cells and their
axonal trajectories. Due to the close proximity of the dye to
the fissure, the distal segments of axons and their growth
cones in the center of the retina could not be visualized.
The most typical findings in these specimens are docu-
mented in Fig. 7. Control retinae displayed the straight
growth of axons toward the fissure with cell bodies located
between or below stained fiber bundles (Figs. 7A and B). In
mab10-injected retinae, labeled cell bodies were found
s of reproduction in any form reserved.
c
a
p
i
m
v
tFIG. 6. Axon guidance effects at the optic fissure after mab10 (B–D) or endo N (E) injections. E8 retinal whole-mount preparations with DiI
crystals placed at approximately 1 mm (A, C–E) or 250 mm (B) from the optic fissure. (A) In control preparations, axons arriving at the optic fissure
hanged trajectory and turned into the fissure, growing dorsally toward the optic nerve head. (B) In the presence of mab10, growth cones (small
rrow) can be observed to turn ventrally into the fissure. Occasionally, ganglion cells (small arrowhead) located close to the fissure extended axons
rojecting back on the ipsilateral retinal side. (C) Axonal bundles deflecting away from the fissure with individual axons (small arrow) growing
n a ventral direction before reaching the fissure. (D) Growth cones (large arrowhead) growing back on the ipsilateral side. (E) Confocal scanning
icroscopy demonstrating fibers (large arrow) turning dorsally before reaching the fissure, and growth cones (small arrow) erroneously turning
entrally. (F) Schematic drawing of a retinal whole mount, indicating the position of the DiI crystals and the area from which photographs were
aken (dashed square). d, dorsal; of, optic fissure; onh, optic nerve head; v, ventral. Bars, 100 mm (A), 50 mm in (B–E).
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9Pathfinding of Retinal Ganglion Cell Axonsscattered over an area occupied by unstained fiber bundles,
indicating that their axons did not project directly toward
FIG. 7. Axon guidance effects in the retina. DiI crystals were plac
axons and ganglion cell bodies. Arrows point toward the optic fissu
the optic fissure, cell bodies were located in the area occupied by l
switching to neighboring fiber bundles. (C) After mab10 injection, m
bundles. Axons arising from these cell bodies projected obliquely
Enlarged view of the same specimen. (E) Obliquely projecting axo
preparation, demonstrating the position of the DiI crystals. The da
of, optic fissure. Bars, 100 mm (A and C), 50 mm (B, D, and E).the fissure but had instead taken a path dorsal or ventral h
Copyright © 2001 by Academic Press. All rightompared to the position of the cell body (Fig. 7C). Ex-
mples of misrouted ganglion cell axons are shown at
the vicinity of the optic fissure, leading to a retrograde staining of
) In control retinae, ganglion cell axons projected straight toward
d axons. (B) An enlarged view of the same specimen shows axons
labeled cell bodies were found in areas occupied by unstained fiber
rpendicularly to the peripherocentrally oriented fiber bundles. (D)
fter endo N treatment. (F) Schematic drawing of a whole-mount
rectangle indicates the area from which photographs were taken.ed in
re. (A
abele
any
or pe
ns aigher magnification in Fig. 7D. The proximal segment of
s of reproduction in any form reserved.
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10 Monnier et al.these axons is oriented obliquely or almost perpendicular to
the direction of peripherocentrally growing stained fiber
bundles, whereas their distal segment is not discernible
from the bulk of labeled fibers. This type of behavior was
observed in the dorsal as well as the ventral half of the
retina. After endo N application, axons growing obliquely
across the retina were found as well (Fig. 7E). Since dye
crystals had been placed in the vicinity of the fissure, our
observations indicate that although axons initially mis-
projected, they eventually followed a centrally directed
pathway. Figure 7F schematically summarizes these find-
ings and illustrates the position of the dye crystals as well
as the area from which pictures were taken.
In total, we analyzed 45 retinal preparations injected on
E3, all of them showing projection errors of ganglion cell
axons to some extent. The most frequently observed
misrouting occurred at the optic fissure where the orderly
growth into the fissure appeared to be impaired.
Width of the Optic Fiber Layer
The fact that a substantial number of ganglion cell axons
remained on the ipsilateral side of the retina instead of
growing into the fissure and subsequently into the nerve
might lead to an increased thickness of the optic fiber layer.
We therefore determined the width of this layer in
hematoxylin-eosin stained E8 cryostat sections and com-
pared both retinae (Fig. 8). The specimens examined for this
analysis were identical to those used for determination of
optic nerve size (Fig. 4). A small (8.9%) but significant
increase on the treated side could be demonstrated when
injections were performed with mab10 (P , 0.005). The
width of the optic fiber layer was 40.3 6 2.2 mm (SEM) on
he injected side and 37 6 1.8 mm (SEM) on the control side.
After endo N injections, a slightly smaller difference of
7.9% was observed. On average, the width of the optic fiber
FIG. 8. Influence of mab10 and endo N on optic fiber develop-
ment. Embryos were injected on E3, and the width of the optic fiber
layer was determined on E8. The specimens are identical to those
included in Fig. 4. Application of mab10 led to a statistically
significant increase in optic fiber layer width (*P , 0.005). No side
ifferences are detectable in control (mabTe38) animals.layer was 40.5 6 3.9 mm (SEM) on the treated side and
Copyright © 2001 by Academic Press. All right7.8 6 5.3 mm (SEM) on the noninjected side. Control
njections with mabTe38 did not result in any side differ-
nce (39.8 6 0.65 mm SEM injected side; 40.1 6 0.53 mm
SEM noninjected side).
In summary, our results suggest that PSA linked to
NCAM is involved in pathfinding of retinal ganglion cell
axons in the retina as well as in the optic fissure.
Misrouting of fibers leads to a reduced optic nerve size
and an increased thickness of the optic fiber layer most
likely due to ganglion cell axons growing back on the
ipsilateral side of the retina.
DISCUSSION
In the present study we characterized the epitope recog-
nized by a previously described monoclonal antibody
(mab10) (Henke-Fahle et al., 1996) and the influence that
his antibody exerts on growth and guidance of RGC axons
n vivo. Immunopurification and enzymatic digestions re-
ealed the epitope as being polysialic acid associated with
he neural cell adhesion molecule. NCAM is one of the
ost abundant cell adhesion molecules and is expressed in
wide variety of tissues both during early development and
n the adult (Edelman, 1986; Ni Dhu´ill et al., 1999). How-
ever, the majority of NCAM expression studies have uti-
lized antibody reagents that mask the diversity of isoforms
that can arise from a single NCAM gene. There are four
main classes of NCAM that generally share a common
extracellular domain and differ primarily in their carboxy-
terminal domains (Cunningham et al., 1987; Nybroe et al.,
988; Walsh, 1988). In addition, subtle changes in the
rimary structure of the extracellular domain of NCAM
rise from alternative splicing of the gene (Dickson et al.,
987; Prediger et al., 1988; Small et al., 1987; Thompson et
l., 1989). Heterogeneity of the NCAM molecule also stems
rom its posttranscriptional modification with a-2,8-
polysialic acid, the degree of polysialylation being develop-
mentally regulated (Chuong and Edelman, 1984; Rut-
ishauser, 1992).
In the chicken eye, antibodies that recognize the NCAM
core protein stain all the developing retinal layers
(Schlosshauser et al., 1984; Doherty et al., 1990), whereas
he distribution of PSA is restricted to RGC axons as
evealed by immunostaining employing a monoclonal an-
ibody against meningococcal type B polysaccharides
Doherty et al., 1990). Our studies using mab10 show the
ame restricted expression of NCAM-linked PSA by the
ptic fiber layer and the optic nerve on E4 and E7, respec-
ively. Endfeet of neuroepithelial cells lining the pathway of
GC axons throughout the nerve and tract to the optic
ectum were never stained. These data and those of others
ndicate that PSA is abundant on growing RGC axons
uring development and thus in a position to influence
heir behavior.The present results demonstrate that NCAM-linked PSA
s of reproduction in any form reserved.
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11Pathfinding of Retinal Ganglion Cell Axonsis possibly involved in the recognition of (putative) orien-
tation molecules (Gierer, 1987). By administration of
mab10 or endo N to developing retinae in vivo the growth
pattern of axons is disturbed in different ways depending on
the position of the respective ganglion cell in the retina.
Some early generated ganglion cells located in the immedi-
ate vicinity of the optic fissure were observed to project
toward the periphery of the retina. This behavior can be
explained if it is assumed that chemoattractant signals
emanating from the fissure cells which normally guide the
axons toward the optic nerve head and into the nerve are
misread or ignored. In the mouse visual system, it has been
shown that RGC axons are guided through the optic disc
and into the nerve by the secreted molecule netrin-1 which
is found associated with the glial cell processes (Deiner et
al., 1997). Mice deficient in netrin-1 were reported to have
optic nerve hypoplasia caused by a failure of RGC axons to
exit the retina (Deiner et al., 1997). Recognition of netrin-1
is mediated, at least in part, by DCC (Keino et al., 1996), an
IgSF member that appears to serve as a netrin receptor
(Chan et al., 1996; Keino et al., 1996; Kolodziej et al., 1996)
and is present on RGC axons (Deiner et al., 1997). Both
netrin-1- and DCC-deficient mice display a phenotype
reminiscent of the effects observed after mab10 application
in the chicken embryo. Although both NCAM and DCC are
IgSF members, it is not likely that mab10 reacts with the
DCC molecule, since the only detectable signal in Western
blots is associated with the high molecular weight compo-
nent of NCAM (Fig. 1).
The fact that massive pathfinding errors occurred at the
optic fissure in the presence of mab10, visualized by placing
dye crystals in more peripheral areas of the retina (Fig. 6),
indicates that RGC axons are no longer able to grow into
the fissure. None of the axons continued past the fissure to
the contralateral retinal side; instead, many of them turned
back and projected toward the ipsilateral periphery. Thus, it
appears that the optic fissure becomes nonpermissive for
extension of RGC axons, at least temporarily. We did not
follow the development of the optic nerve or the axonal
projections over periods longer than up to E8; therefore, the
possibility exists that axons might regain the capability to
invade the nerve after some delay.
Axons growing in perpendicular direction to the, in
general, peripherocentrally orientated fiber bundles prove
that signals determining their initial outgrowth are misread
(Fig. 7). However, it is not known which molecule(s) medi-
ate orientation of RGC axons in the chick retina at a
distance of several hundred micrometers from the optic
fissure and the optic nerve head. Several mechanisms have
been discussed, including preformed extracellular channels
(Silver and Sidman, 1980; Krayanek and Goldberg, 1981),
long-range chemoattractants emitted by the optic fissure
(Ramon y Cajal, 1892), expression of growth-inhibiting
proteoglycans in the peripheral retina (Snow et al., 1991),
and the presence of intrinsic information in the ganglion
Copyright © 2001 by Academic Press. All rightell (Halfter et al., 1987). So far, none of these mechanisms
as actually been proven to operate in the chicken retina.
ur observation that the obliquely or perpendicularly grow-
ng axons never project toward the periphery but instead
ventually turn into the correct direction seems to indicate
hat indeed molecules, either growth cone attractant (ex-
ressed at higher concentrations toward the center) or
rowth inhibiting (expressed in the periphery), are present
n the optic fiber layer. Evidence for the latter assumption
an also be derived from transplantation experiments (Half-
er, 1996). Intrinsic mechanisms or channeled guidance
ppears less likely. In addition, the situation in the direct
icinity of the fissure may be different, since here axons
urning back or projecting directly toward the periphery
ere observed (see above). However, growth over very long
istances in the wrong direction was not noticed. This
bservation is supported by the quantitative measurements
f the optic fiber width at a distance of 400 mm from the
center of the optic fissure. The 8.9% increase in thickness
after mab10 injections amounts to less than one-half of the
overall reduction in optic nerve size, thus indicating that
many axons not invading the nerve have either not grown
back at all or not that far.
The role of PSA in axonal growth and guidance in vivo
has mainly been investigated by removing NCAM-linked
PSA by injecting an endoneuraminidase, specific for a-2,8-
inked sialic acid polymers (Tang et al., 1994; Honig and
Rutishauser, 1996; Daston et al., 1996). In the chicken
visual system, this treatment led to defasciculation of optic
axons and changes in axonal routing in the anterior tectum
(Yin et al., 1995; Rutishauser and Landmesser, 1996). The
trajectory of fibers in the optic fissure was, however, not
analyzed. Our data are consistent with the interpretation by
Yin et al. (1995) that by removing or, as also shown in our
experiments, by blocking PSA, axons are exposed to envi-
ronmental cues that are normally masked by PSA. Alterna-
tively, the presence of PSA might sensitize growth cones to
chemoattractant or neurotrophic factors possibly released
by the optic fissure. For example, a role of NCAM-PSA in
sensitizing neurons to the action of brain-derived neurotro-
phic factor has been suggested in the hippocampus (Muller
et al., 2000).
Various previous investigations had already pointed to an
involvement of NCAM in RGC axon fasciculation and
target recognition in the retinotectal system. These studies
were undertaken by injecting Fab fragments of anti-NCAM
sera (blocking the entire molecule) into chicken eyes. The
effects reported include distortion of growth cone-epithelial
cell relationships as well as axon-axon interactions, result-
ing in misrouting of optic fibers at the optic fissure and
disorder in the optic nerve and tectum (Thanos et al., 1984;
Silver and Rutishauser, 1984; Drazba and Lemmon, 1990).
In this respect, some of the observed effects are similar to
the disturbance seen after application of mab10 or endo N.
However, since the activity of the Fab fragments used in
s of reproduction in any form reserved.
c
d
a
m
h
P
t
v
r
fi
w
b
c
c
a
a
r
m
c
m
d
s
B
B
B
F
G
G
H
H
H
12 Monnier et al.those experiments was presumably directed against several
different epitopes, they did not allow for a localization of
the respective function on the NCAM molecule. In addi-
tion, NCAM is expressed on the axonal surface as well as on
the cell bodies and the endfeet of neuroepithelial and glial
cells, thus making a distinction between axon-axon and
axon-cell interaction sometimes difficult when using poly-
clonal antibodies in vivo. On the other hand, many mono-
lonal antibodies tested in functional assay systems did not
isplay an inhibitory effect on NCAM function (Pollerberg
nd Beck-Sickinger, 1993). One notable exception is the
onoclonal antibody HR1 which binds in (or close to) the
inge region of the molecule and thus in the vicinity of the
SA chains (Pollerberg and Beck-Sickinger, 1993). When
his antibody was added to retinal eye cups cultivated in
itro, misrouting of fibers occurred in the periphery of the
etina as well as at the optic fissure leading to a crossing of
bers to the contralateral half of the retina. The latter effect
as clearly not seen in our experiments. However, it has to
e cautioned that incubation in vitro might cause a loss of
ell surface or matrix molecules synthesized by certain
ells (i.e., the cells of the optic fissure), possibly leading to
different behavior of axons than in vivo.
In summary, in the presence of an antibody directed
gainst the long PSA chains linked to NCAM or after
emoval of PSA, the optic fissure seems to become nonper-
issive or less attractive for axonal growth. Directional
ues in more peripheral areas of the retina are initially
isread, but axons eventually turn into a centrally oriented
irection, indicating that the peripheral retina does not
upport growth of RGC axons.
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